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 Method based on numerical signal simulations inkdnby large database of
magnetic field maps
» saves time and expensive measurements

* automated and flexible optimization of multiple ERrameter settings

Abstract:

Gradient echo echo-planar imaging (GE EPI) is Usednost fMRI studies but can suffer
substantially from image distortions and BOLD s#wi$y (BS) loss due to susceptibility-
induced magnetic field inhomogeneities. While there various post-processing methods for
correcting image distortions, signal dropouts carbre recovered and therefore need to be
addressed at the data acquisition stage. Commoroages for reducing susceptibility-
related BS loss in selected brain areas are: zrshng) inverting the phase encoding (PE)
gradient polarity, optimizing the slice tilt andcheasing spatial resolution. The optimization
of these parameters can be based on atlases déowednultiple echo-planar imaging (EPI)
acquisitions. However, this requires resource ameé,twhich imposes a practical limitation
on the range over which parameters can be optinmsshing that the chosen settings may
still be sub-optimal. To address this issue, weehdaveloped an automated method that can
be used to optimize across a large parameter spads. based on numerical signal
simulations of the BS loss predicted by physicaldets informed by a large database of
magnetic field (B) maps acquired on a broad cohort of participaht® advantage of our
simulation-based approach compared to previousadstls that it saves time and expensive
measurements and allows for optimizing EPI protedmn) incorporating a broad range of
factors, including different resolutions, echo tsmer slice orientations. To verify the
numerical optimisation, results are compared tosé¢hdrom an earlier study and to

experimental BS measurements carried out in sikheaolunteers.
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I ntroduction:

Gradient echo echo-planar imaging (GE EPI) (Maifi#977) is used for most functional
magnetic resonance imaging (fMRI) studies due $ high acquisition speed and its
sensitivity to the blood oxygenation level-depend&©OLD) effect (Ogawa et al., 1990).
However, EPI quality can suffer substantially frammage distortions and BOLD sensitivity
loss (BS) caused mainly by magnetic field inhomeadgees. These inhomogeneities originate
from differences in the magnetic susceptibilityviietn tissue and air and are especially
prominent in the orbitofrontal cortex (OFC), the dia temporal and the inferior temporal
lobes (Ojemann et al., 1997, Devlin et al., 200psthutz et al., 2001).

The correction of image distortions is mostly parfed during image post-processing and
there exist various methods (Andersson et al., 2BOwvtell et al., 1994, Hutton et al., 2002,
Jezzard and Ballaban, 1995, Sutton et al., 2004skdfef et al., 2005, Zaitsev et al., 2004,
Mohammadi et al., 2010). However, the loss of Bibreimains and needs to be addressed at
the data acquisition stage.

For reducing susceptibility-related signal lossesety of techniques have been introduced.
For example, the differences in susceptibility banmreduced directly by placing diamagnetic
materials with susceptibilities similar to tissuewnd the participant (Fritzsche et al., 1995)
or using oral shim coils (Hsu and Glover, 2005, 3l and Jezzard, 2003). However, such
shimming is limited to a relatively small area asiduations with strong susceptibility
gradients. Furthermore, additional hardware andessed manual effort are needed,
potentially also causing additional inconveniengelte patient or volunteer. Alternatively,
susceptibility-induced signal losses can be reduigethe use of 3D tailored radiofrequency

(RF) pulses (Stenger et al., 2000, Yip et al., 200teng et al., 2013) or spectral-spatial



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

pulses (Anderson et al., 2014, Yip et al.,, 2009%hout the need for additional hardware.
However the design of these pulses is computatipeapensive and leads to prolonged RF
pulse durations, hence echo time TE and repetitioe TR, and often reduce signal-to-noise-
ratio (SNR) in well-shimmed areas (Cho and Ro, 1992

Various strategies have been developed for compegssusceptibility-induced gradients in
selected brain areas. The z-shimming approach rfiFrethal., 1988, Ordidge et al., 1994,
Posse et al., 1999, Deichmann et al., 2003, Ricd.e2010) compensates gradients in the
slice direction. This has been extended to in-plgreients in the phase-encoding (PE)
direction (Deichmann et al., 2003, De Panfilis &ahwarzbauer, 2005) and to the readout
(RO) direction (Weiskopf et al., 2007). One drawbat adding compensation gradients to
the sequence however is the reduction of spatilteamporal resolution. Other approaches
that avoid prolonging the acquisition significantlye optimising the slice tilt (De Panfilis
and Schwarzbauer, 2005, Weiskopf et al., 2006)TdhdDomsch et al., 2013, Stocker et al.,
2006). Signal dropouts can also be improved by irealio summation (Posse et al., 1999),
increasing the spatial resolution (Robinson et 2004, Weiskopf et al., 2007), using thin
slices (Frahm et al., 1993, Merboldt et al., 20060)combining high resolution with high
acquisition speed by parallel imaging (Heidemanmalgt2012, Domsch et al., 2015). The
poor temporal resolution of high resolution acdiosi techniques can additionally be
improved by multiband EPI sequences (Nunes e2@06, Setsompop et al., 2012) shown to
improve signal dropouts in (Kim et al., 2016).

The optimisation of all these parameters can bedas atlases derived empirically from
multiple EPI acquisitions (Weiskopf et al., 200@)his however is resource and time
consuming. Thus, atlases reporting voxel-wise ogitisequence parameters cover a limited

set of parameters, e.g. z-shim, the gradient gpland the slice tilt, over a relatively coarse
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range and with a particular acquisition protocod. eblique transverse EPI acquisition at
3mm resolution only (Weiskopf et al., 2006).

In the present work we develop and employ a flexiahd automated BS optimization
method that is based on the prediction of BS |l@sguthe physical models accounting for
through-plane dephasing and local echo time/k-spsioéts and signal loss due to
susceptibility-induced in-plane gradients in the E€ichmann et al., 2003, De Panfilis and
Schwarzbauer, 2005) and RO direction (Weiskopf.e2807). A database of magneticy)B
field maps acquired over a large population of 1@Bunteers serves as input for the
calculations. Unlike the previous experimental apghes, the presented approach allows
arbitrary 2D-EPI acquisition protocols, includingrying resolution, echo time or slice

orientation, to be optimised making it more eaaihgl widely applicable.

Methods:

BScalculation

The BS is defined as the local signal intensityngfeadue to a local change of the effective
transverse relaxation time, Theing altered during neuronal activation. Gives libcal echo
time TE and the signal intensity |, it can be chdted according to (Lipschutz et al., 2001):
BS=TE-I (1)

In the following b’ denotes the initial signal intensity at TE=0 arieh Bnd b denote the
respective echo time and initial signal intenditshere are no susceptibility gradients.

The signal intensity | of a gradient echo EPI segeds given by:
=1y - exp(— =) 2)
2

A susceptibility gradient in the slice directior™5°causes through-plane spin dephasing and

thus a signal loss. It can be compensated wittskire-gradient @™ (Frahm et al., 1988,



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

Ordidge et al., 1994, Deichmann et al., 2003, Ricél., 2010) applied with opposite polarity
in the slice direction for a time periad For a Gaussian-shaped excitation profile andca sl
thickness ofAz, the corresponding image intensity is given adiogy to (Deichmann et al.,

2002) by:

I =1, exp(—¥?), with¥ =y - - (GS¥S - TE + GEM™ - 1) (3)

4y/In (
v is the gyromagnetic ratio. Susceptibility gradgealong in-plane directions sum up with the
imaging gradients causing distortion of the datk-gpace. A susceptibility gradient in the PE
direction G™*° causes a change of the local TE and the modifigthli signal intensity 'l

(Deichmann et al., 2002) according to:

TEg I = 10’

TE = —,
Q

, with Q4 -FoVp - Gg**°¢ (4)

FoVp is the field of view in phase encoding directiomdat the inter-echo spacing during the
EPI readout. The sign in the subscript of Q reterdshe PE gradient polarity of the EPI

readout and, as referred to later, is defined kypiblarity of the PE prewinder moment used
in the EPI sequence. A positive PE gradient pglaritrresponds to a positive PE prewinder
moment (and thus negative phase blip gradientsy gainting from the posterior to the

anterior part of the brain in the example of tlesverse acquisition.

Equations (1) - (4) combine to:

BS =22 ) (5)

Both in-plane susceptibility gradients in PE direactand in RO direction can shift the centre
of k-space outside the acquisition window and tlteeeecause a complete signal dropout. For
susceptibility gradients in the PE direction, ie ttase of symmetric k-space sampling with
sampling duration TA of the EPI readout, the foliogv condition has to be fulfilled

(Deichmann et al., 2003) to prevent signal dropout:

TE,—— < TE < TE; +— (6)
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For a susceptibility gradient in the RO directiog™&’in order for the k-space shif,scnot
to exceed the acquisition window in the RO dirattibe following condition has to be
fulfilled if A x is the RO resolution (Weiskopf et al., 2007):

|AKsusc| = |Y "TE - G}guscl < & (7)

If one of the conditions (6) or (7) is not fulfile this results in a complete signal loss and

BS=0.

Acquisition of a large magnetic field map database

The BS simulations rely on accurate estimates etypical static magnetic field distribution
in the brain. B field maps from 138 healthy volunteers (49 mere enge 19 to 75 years,
age meanzstandard deviation 46.6+21 years), whe s&ginned as part of the neuroscience
research program at our imaging centre (Wellcomatr€efor Human Neuroimaging;
WCHN) with Ethics approval, served as an estimateaf population of healthy volunteers.
The field maps were acquired using a double echASH. sequence with the following
parameters: 64 transverse slices, slice thicknesgn2gap between slices=1 mm, TR=1020
ms, a=90°, short TE=10 ms, long TE=12.46 ms, BW=260 lkak PE direction right—left,
FOV=192x192 mrfy matrix size 64x64, flow compensation. In addittonthe field maps,
anatomical data (3D FLASH) were recorded for eaclunteer as part of a whole brain
guantitative multi-parameter mapping (MPM) proto@@éllaghan et al., 2014). All data were
acquired on a 3 Tesla whole body MR scanner (MagnetiM TRIO, Siemens Medical
Solutions, Erlangen, Germany) using the standardhz®nel head coil for RF receive and
the RF body coil for transmission. Informed writteonsent was obtained from each

volunteer prior to scanning.

Data pre-processing and BS calculation
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All data were analysed and processed with MatlalatiWorks, Natick, MA) and SPM8

(http://www.fil.ion.ucl.ac.uk/spm) and custom-weitt Matlab programs. Field maps were

estimated from the GE data using the Field MapbmolHutton et al., 2002). Field gradients
were derived from the field maps by numerical défgiation and normalised to MNI space
using the individual anatomical data using Dart&shburner 2007). No modulation and
smoothing were applied to preserve the values.rAfitgmalization they were averaged.
Based on this, BS maps were calculated accordirtggteation (5). Additionally, BS maps
were calculated for each subject separately, progidn estimate of the variability of BS

changes and optimal parameters across the populatio

Optimization of BS

The optimization was carried out by stepping thioad) parameters within the ranges as
described further down to find the EPI parameteaigimizing the BS. This optimisation was
carried out first voxel-wise across the whole brdihen, separate optimisations were done
for the following regions of interest (ROIs) by niazing the mean BS across the respective
ROIs: (1) medial orbitofrontal cortex (mMOFC) andtral-ventral anterior cingulate cortex
(rACC), (2) inferior temporal lobes, (3) temporallgs, (4) amygdala and (5) hippocampus
and para-hippocampus. The ROIs were based on thenated anatomical labeling toolbox
(Tzourio-Mazoyer et al., 2002) and were construdi@ccompare with previous work as
described in detail in (Weiskopf et al., 2006). @yted EPI parameter sets were only
accepted if the BS loss in areas not affected Isgeqitibility related gradients, i.e. for a
susceptibility gradient with zero value, did note&d 15% (Weiskopf et al., 2006) compared
to the standard EPI. Otherwise, the EPI parametewish the next highest BS not exceeding
the 15% BS loss was chosen. In other words, the ¢58©ff served as a hard boundary

condition for the optimization.
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While the simulations can be carried out for adnigr2D-EPI protocols, for conciseness we
determined the optimal PE polarity, slice angulatamd in-plane rotation and through plane
z-shim gradients for the following reference EPo®tpcrols with settings typical of studies
carried out at the WCHN. Since particular sliceemtations impose different restrictions on
the spatial coverage that can be achieved, thes tphrenary planes (transverse, sagittal,
coronal) were investigated separately. The refer@natocols are:

(1) Standard resolution protocol: TE=30ms, echo spacing=0.5ms, in-plane
resolution=3x3mm slice thickness=3mm, matrix size=64x64, no aceéilen by parallel
imaging or partial Fourier each for transversejtsggnd coronal slices respectively with PE
gradient directions pointing from anterior to pogtefor transverse and sagittal slices and
feet to head for coronal slices.

(I1)  High-resolution  protocol: TE=30ms, echo spacing=0.78ms, in-plane
resolution=2x2mm slice thickness=2mm, matrix size=96x96, no aceéilen by parallel
imaging or partial Fourier again for transversegitsal and coronal slices respectively with
PE gradient directions pointing from anterior tstaoior for transverse and sagittal slices and
feet to head for coronal slices.

(I11) Accelerated high-resolution protocol: This protocol was identical to (Il) but a
speedup using GRAPPA with factor 2 in the PE dioactvas simulated.

The ranges used for each of the parameters totbeisgd were: positive or negative polarity
of the PE gradient, slice tilt ranging from -45° 46° in steps of 5°, and z-shim gradient
pointing in slice direction with a moment rangingprh -5 to 5mT/m*ms in steps of
0.5mT/m*ms.

Figure 1 illustrates the definitions of the cooatm systems for the different main slice
orientations and the corresponding directions taesangulations and in-plane rotations,

respectively. For example, in case of the trangvexgjuisition a slice angulation means a
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rotation around the RO axis which is pointing froine right to the left hemisphere of the
brain with a positive rotation angle denoting agwation of the anterior part of the slices

from head to feet.

Validation by comparison to published approaches

The simulation results were compared to resultginbtl from measured data reported in
(Weiskopf et al., 2006). A BS optimization was penied with the same fixed sequence
parameters and parameter range for the simulagamsad in the measurements at 3T. The
following fixed EPI imaging parameters were useB=80ms, slice thickness=2mm, in-plane
resolution=3x3mrh echo spacing=0.33ms, matrix size=64x64, transvsiises and the PE
gradient directions pointing from anterior to pogte The following parameters were
optimized for the ROIs listed above and variedha same range as in the publication: slice
tilt ranging from -45° to 45° in steps of 15°, zragradient pointing in slice direction with a
moment ranging from -4 to 4mT/m*ms in steps of 1mihs and the polarity of the PE

gradient pointing either in positive or negativesdtion.

Validation by comparison to in vivo data

The simulation output was compared to experimetididh from in vivo measurements. Six
volunteers (four male, age range 27 to 38 yeams,magantsd = 33+4 years) were scanned
with various slice tilts, z-shims, PE gradient pitlaand slice orientation on a 3T Tim Trio
MRI scanner. The parameters of the EPI protocokevied to match reference protocol (1)
above. The other parameters were: 48 slices, TR®¥886and 13% phase oversampling
(acquired k-space lines=64x74). A teld map (as described above for the databasgiocrg
was acquired for distortion correction of the BRages and for simulating the BS and a short

anatomical scan (3D MP-RAGE sequence with 1mm opatr resolution, field-of-view =

10
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176x224x256 mrh and TIW/TE/TR = 900ms/9°/2.26ms/1900ms) were also acquired
Informed written consent was obtained from eaclinaer before participating and the study
was approved by the local Ethics committee.

Data were acquired using a circularly polarized )(Gfead coil for RF receive and
transmission in order to facilitate reconstructadmobust magnitude and phase data avoiding
multi-channel image reconstruction.

The measurement was repeated 36 times with diffecembinations of main slice
orientations (transverse and sagittal), slice/iitplane rotations (-30, 0 and 30°), z-shim
(through plane) gradient moments (-3, 0 and 3mT/B)*and PE gradients with a positive
and negative polarity. For each measurement, 6hwveduwere acquired, and both magnitude
and phase images were exported for later evaluation

For each EPI acquisition and each volunteer, expmrial BS maps were calculated from the
complex image data using the method describedperagix C of Deichmann et al., 2002 for
determining the local TE via the phase differeneéMeen two adjacent points in the PE
direction. The BS was then calculated as the prtodithis local TE and the magnitude of
the image intensity I: BS=TE*l. These BS maps warglistorted using the Field Map
toolbox (Hutton et al., 2002). BS gain maps, incpet units, were calculated voxel-wise
according to B&inexp= 200*(BS-B%:1)/(BS + BSef) using the default protocol, i.e. with no
slice tilt, zero z-shim gradients and a positiveapty of the PE gradient as reference 8S

For comparison, the BS was simulated for each E®tbpol and each volunteer, using the
individual's specific field map. Similar to the calation above expected BS gain maps, in
percent units, were calculated according t@.RSm= 200*(BS-BS)/(BS + BSes) from the
simulation using the default protocol, i.e. with sbce tilt, zero z-shim gradient and a

positive polarity of the PE gradient as referen&B

11
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In order to compare the simulated and experimeB&lgain only within the brain, a brain

mask was obtained by segmenting the MP-RAGE saanjrsng the WM, GM and CSF

tissue probabilities and thresholding at 0.95. Eaicthe simulated BS maps calculated for
each individual were co-registered to the expertaleBP| data acquired with the default
protocol and then the difference between the sitedlaand experimental BS gain
BSuir=BSyain,sintBSgain,exp Was calculated. Mean and standard deviation of Bl$e gain

difference were evaluated within the brain mask.

Results

Field gradientsin 138 volunteers

Figure 2 shows maps of the magnetic field gradiahsg the X-direction (left-right, top
row), Y-direction (posterior-anterior, middle rowhd Z-direction (head-feet, bottom row).
Maximum gradients, of up to +100uT/m were foundhia temporal and orbitofrontal areas.
While the contribution of gradients in Y- and Zelition were found to be left-right
symmetric, an antisymmetric (same magnitude, bpbsipe sign) contribution of gradients in
X-direction was seen. Field gradients in Y-diregtiwith opposing signs close to each other
were observed in the orbitofrontal and temporahsre

Results for Optimization of BS

Figure 3 shows maps of the voxel-wise optimizechpuaters for the case of tiseandard
resolution protocol | with a transverse slice orientation. Shown a@nftop to bottom, maps
of the optimal z-shim gradient moment (a), the rogtislice angulation (b) and the maximum
BS gain with the optimal z-shim gradient and shegulation compared to the standard EPI
protocol with no shim gradient or slice angulati@). The results are shown for both a

positive PE gradient (top row) and a negative PBEdignt (bottom row) respectively.

12
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Similarly, figures 4 and 5 show the optimized mémsthe standard resolution protocol |
acquisitions with sagittal and coronal orientatiespectively.

For the optimal z-shim gradient, a negative gradmoment was found to yield the highest
BS in the orbitofrontal cortex and a positive geadimoment in the temporal lobes in case of
the transverse acquisition (figure 3a) as previousported for the measurements with a
negative PE gradient. For the sagittal acquisiteoleft-right antisymmetric distribution of z-
shim gradient moments was found in the orbitofrbntatex and the temporal lobe (figure
4a). Combined with the findings in the BS gain #nmetry and antisymmetry can be
explained by the susceptibility-induced field inhmgeneities that mainly point
symmetrically along the head-feet direction andsgnmimetrically in the left-right direction
near these areas (figure 2). For the coronal aitiguisareas with positive and negative z-
shim gradients were found close to each other eénaitbitofrontal cortex and the temporal
lobe (figure 5a).

For the optimal slice angulations/in-plane rotasidine optimization results in positive values
for transverse/sagittal acquisition in the orbibofial cortex and negative values in the
temporal lobes. Like for the optimized z-shim geadi moments, areas with positive and
negative slice angulations could be found closeach other in the orbitofrontal cortex and
temporal lobes in the coronal acquisition case. 3ihglar values for slice angulations and
rotations for transverse and sagittal acquisitiresdriven by the same PE direction for both
acquisitions. Similar to the results for the z-slgrmadients, areas with positive and negative
values for the slice angulations were found clasedach other in the orbitofrontal cortex and
the temporal lobe in case of the coronal acquisiffmure 5b) according to the field gradient
distribution with opposite signs close to each pihehe posterior-anterior direction (figure

2).

13
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The results of the optimization based on diffefe@tls (MOFC and rACC, inferior temporal
lobes, temporal poles, amygdala and HippocampusPanahippocampus), listed in table 1,
reflect the findings presented in figures 3-5: pesishim gradients in the temporal lobes but
negative in the orbitofrontal cortex in the casetled transverse acquisition in the PE neg
scheme. Z-shim values near zero were found fos@inge regions for the sagittal and coronal
acquisitions reflecting the symmetry and antisymmgnetf the field inhomogeneities and
opposing values for the shim gradients close tt efiter within these areas.

Figures 6-8 provide more details for the ROI optation in addition to table 1 by showing
the BS gain distribution depending on the optimipadameters. Two types of optimization
were performed: one based on the group-averagenfag and the other one based on
individual subject fieldmaps. The BS gain for e&l (columns from left to right) of table 1
is shown for all combinations of slice tilt and l@fa in the colour maps assuming either a
negative PE direction (a) or a positive phase engodirection (b). Similarly, for each ROI
the frequency of the optimal parameters sliceatiltl z-shim is shown in the histograms (c)
and (d) respectively in case of the optimizatioadsbhon the individual field maps. In case of
(c) the number of simulations resulting in a givgrtimized slice tilt is displayed for each PE
direction separately. This representation was ahasece an opposite PE direction also
results in optimized slice tilts with opposite sigm (d) the number of simulations resulting in
a given optimized z-shim value is displayed forrbBE directions combined. In addition, the
impact of an optimization for each single ROI oe 8S of all other ROIs is shown in the
coloured checkerboard in e). Figures 6-8 show #wults for the optimization of the
transverse, sagittal, and coronal standard resalytiotocol respectively.

In case of the optimization of the transverse mwolta clear bimodal contribution of BS
depending on the slice tilt can be observed foh IRE directions with a strong preference for

the maximum slice tilt (figure 6a-b): a change o PE direction results in an opposite sign

14
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of the optimal slice tilt. The subject by subjentibysis in figure 6¢) shows that especially for
the Temporal Lobes and the Amygdala there was ewr greference for the negative PE with
-45° slice tilt or the positive PE with 45° sliak parameter set. The contribution of optimal
z-shim values is rather sharp with almost all sciisjevithin an interval of £0.5 mT/m*ms
around the maximum (figure 6d). The effect of opting a protocol for one ROI on other
ROIs (figure 6e) shows that optimizing the OFC hssim a reduction of the BS in all other
ROls, especially in the Amygdala (BS loss of 269#)jle the optimization of all other ROIs
also increases the BS of all ROIs except for th€ OFhe optimization of the Amygdala in
turn yields a rather strong BS loss of 21% in theCOAdditionally, the strong z-shim
gradient suggested for the Amygdala, results iedaiced BS of the well shimmed areas and
therefore for the whole brain (BS losses 8% and t@8pectively).

Due to the same PE direction for both transversesagittal acquisition the results for the
optimization of the sagittal protocol shown in figu7 in terms of slice tilt and PE direction
are similar to figure 6. However, due to the amtimyetric distribution of susceptibility-
induced field inhomogeneities in the left-right edition, the optimal z-shim values are
centered around zero.

In case of the optimization of the coronal protoffajure 8), a clear preference for one PE
direction (negative for OFC and positive for alhet ROIs) with a rather broad distribution
of optimal slice tilts can be seen in contrastrems$verse orientation. While the optimal z-
shim values were centred sharply about zero irsthgect by subject analysis, it became a
function of slice tilt in the simulated parametease, especially in the Temporal Lobes and
Amygdala.

The results of the optimization in different ROty ifferent resolutions (3mm and 2mm
isotropic) and using GRAPPA, factor 2 with 2mm ispic resolution for oblique transverse

acquisition are listed in table 2 and show comparadsults for the optimized parameters z-
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shim, slice angulation and PE gradient polaritye Taspective BS gains are higher for the
2mm isotropic compared to the 3mm isotropic resmtuprobably due to the fact that with a
higher in-plane resolution, and thus a longer agtjon time, the susceptibility gradients in
the PE direction result in greater BS losses p@iynbeing compensated by the use of the
optimal parameters. The BS gain using GRAPPA, fa2tts lower compared to using no
GRAPPA. This is probably due to less signal losem susceptibility gradients in PE
direction due to the shorter acquisition window.

Validation by comparison to published approaches

A comparison of optimal parameters determined fiferg@nt ROIs resulting from the
simulations and by doing the optimization with npl#& EPI acquisitions according to
(Weiskopf et al., 2006) are shown in table 3. Tammeter optimization resulted in values of
the z-shim, slice angulation and PE gradient piyld@ing in good agreement for the mOFC
and rACC, inferior temporal lobes, temporal polesl dhe amygdala. However, for the
hippocampus the tilt pointed in the opposite dicetas did the PE gradient polarity. This can
be explained with similar BS gains for parametess sgith opposing slice tilts and PE

gradient polarity respectively for the hippocampewion.

Validation by comparison to in vivo data

The comparison between simulated and experimer@aj&@ns showed good agreement for
each of the 36 protocols investigated (figure Dgviations were typically around 5% and did
not exceed 10%, which is within the standard demmafcross the brain mask, which ranges
from 10-20%. Histograms of the deviations pooledrothe brain mask and all subjects
showed a Gaussian distribution, suggesting thatatiems were largely driven by noise

rather than systematic bias due to poor BS modébmeance.
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Discussion

In this study we presented a flexible and automd&@&d optimization method based on
numerical simulations of the BS loss using physioaldels that account for the effects of
susceptibility-induced gradients in the throughagla(Deichmann et al.,, 2003), phase-
encoding (Deichmann et al., 2003, De Panfilis arhw&rzbauer, 2005) and readout
direction (Weiskopf et al., 2007) and informed bylaabase of magnetic (BO) field maps
over a large population of 138 volunteers. The &mns produced results that are in good
agreement with earlier experimental optimizationcomes (Weiskopf et al., 2006) and the

predicted BS increases are in line with the expenital measures of BS in six volunteers.

Previous optimizations have been based on atlaseged from multiple EPI acquisitions
making them resource and time consuming. Conséguémey were performed only for a
limited number of parameters over a restricted eaagd by acquiring data from a small
number of volunteers only, e.g. optimizing the mshthe gradient polarity and the slice tilt
for oblique transverse slices and a resolutionnafri3on five volunteers only (Weiskopf et al.,
2006). Results from these experimental studiesesigd, for example, the use of a strong
positive slice angulation in temporal regions bgtrang negative angulation in orbitofrontal
regions, i.e., tilting the slice downwards or upslsaat the front (see Fig. 1 for definition of
slice angles). These results are confirmed by ounulations when considering the case of
oblique transverse slices as used in the origirpeemental investigation. Extending the
optimization to coronal slices, shows that for sogions like the temporal poles coronal
slices would be the better choice with respect$o B

The advantage of the proposed method is that thienigation of parameters is done by

simulations thus avoiding time and resource consgmieasurements. This also allows for
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the optimization to be performed over a larger peter space including varying resolution,
echo time or slice orientation. The parameters thi@ optimized and the range of
optimization can easily be adapted without the rfeeddditional measurements. In addition,
various boundary conditions can be readily implet®@énn the optimization (e.g. preferred
slice tilts for specific anatomical coverage). Altigh here the optimization yielded a single
set of parameters (slice angulation, z-shim anddié&ction) to be applied for all slices,
optimized parameters could in principle be variexhf slice to slice, e.g. allowing for slice
dependent TE (Domsch et al., 2013) and z-shim (Rickl., 2010, Bonnici et al., 2012,
Finsterbusch et al., 2012). Our results indicate such an approach would be of benefit in
regions such as the temporal lobes where bothip®sihd negative susceptibility gradients
are in close spatial proximity requiring opposirgimal parameter settings to maximise BS.
Especially in case of coronal or sagittal acqussi we found a left-right antisymmetric
distribution of the field inhomogeneities and cependingly opposing values for the optimal
shim gradients (figures 2 and 3). This results @arnzero z-shim values for the ROI
optimisation (table 1) in case of one optimal patanset valid for all slices and ROIs with
voxels being distributed symmetrically on the lafid right hemisphere of the brain. In this
case slice-specific z-shims could yield better ltestiavailable.

Although coronal slices may yield a higher BS imp®ral areas, the slice orientation affects
the brain coverage that can be achieved with aifspdd®R and slice thickness as well.
Coronal slices compared to transverse slices hHevedisadvantage of a lower brain coverage
at the same TR and require a longer TR if wholénbraverage is needed, i.e. an increase in
scan time of about 30-35 % (Mennes et al., 20140il&ly, the slice thickness affects the
number of slices necessary to cover a specifioregnd hence the needed TR and hence
limit the parameter range or prescribe specificapeaters if necessary. Therefore, a

compromise has to be found and the user must demdé¢he necessary coverage and
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maximum TR. For example, the study of the amygdwgbécally requires high spatial and
temporal resolution as well as extended coveragedar to account for its small dimensions
while concurrently allowing its activation to beempreted within a complex network of brain
regions (Stocker et al., 2006).

The use of the slice tilt can also be limited by tradient performance, since gradients in
different directions contribute differently to peneral nerve stimulations. Also when
applying gradients in different directions with pest to the slices at the same time, the real
gradients played out on the scanner can be higieral vectorial summation and gradient
amplitudes as well as slew rates may exceed haedsysacifications, if already the reference
protocol was near the limit. This means that eitaeeduced gradient performance with a
reduced temporal resolution has to be acceptesghgare the setup of the optimized protocol
at the scanner, or the range of possible paramsetengs has to be limited for the simulation
and optimization. Also, in case of extreme magnégtd variations as in the vicinity of
metallic implants, the proposed approach is likelyinderperform or fail due to induction of
eddy currents, requirement of excessive z-shimignadnoments or issues with the RF
excitation.

Additionally, the simulation only optimizes the BERmporal SNR or potential artefacts have
to be additionally taken into account when defining parameter space for optimization. For
example, parallel imaging on the one hand increfisesacquisition speed allowing for a
lower TR, important e.g. for high resolution imagiof the whole brain. A short TR can also
be used to reduce physiological noise by removdligi frequency noise originating from
respiration and cardiac pulsation (Todd et al.,7Z200n the other hand it reduces the overall
SNR and poses a potential source of artifactsmgriom g-factor penalties and issues with
reference scans in combination with volunteer mamn{Feinberg and Setsompop, 2013).

New imaging techniques like simultaneous multisliogaging offer the possibility of
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accelerating the imaging without direct loss of SNRwever, still SNR loss occurs due to
unfavourable g-factors and slice leakage artefactsur in combination with in-plane
acceleration making the overall statistical bengdpendant on the used hardware and region
of interest and requiring a careful consideration ¢hoosing the best acceleration factor
(Todd et al., 2016).

The optimization of an EPI protocol for a specifggion often comes with the reduction of
the BS in other regions. In this study the BS losareas not affected by susceptibility related
gradients, i.e., well shimmed areas, was limitedl586. However, the BS loss may be
significantly higher in areas requiring differenptimnal parameters due to susceptibility
induced field gradients pointing in opposite dir@et compared to the optimized areas
(Weiskopf et al., 2006). While the TE or z-shim kcbhe optimized slice-wise, provided that
appropriate sequences are available, the slicecditt be optimized only for a single or
combined ROI.

The field maps used for the numerical simulatiohthe BS in this study were acquired at 3T
on a Siemens Tim TRIO scanner. Strictly speakimgdptimization results are valid only at
this field strength and for this scanner type. Hegvewe would expect that this population-
based field map gives a good estimate of the stibdap field distortions introduced by
such a scanned object (the volunteer’s head ang) bod particular position in a largely-
uniform magnetic field. Since the head position andntation in different MRI scanners are
similar (Weiskopf et al., 2006), these optimizedapaeters can be expected to also hold
across different systems to good effect. In addjtithe magnitude of these field
inhomogeneities would likely scale linearly withettmain static magnetic field strength,
meaning that even higher BS gains can be expettbdylaer field strengths. Nonetheless,

interaction with the applied shim gradients cousténg the field inhomogeneities mean that
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this simple relationship is limited making the fiésulependent on the used hardware, i.e. the
type and performance of the shim coils.

The large sample of field maps used for optimizatius framework promises to provide an
improved optimization for group studies, since thpical distribution of field
inhomogeneities in the population is better captucempared to previous experimental
optimizations based on few volunteers only. In @pte, also a subgroup of field maps (e.g. a
specific age range or sex) can be used for opttioizaHowever, for studies on atypical
populations, e.g. patients with atypical skulls bwains, the field map database and the
optimizations based on it may not be optimal. Thilble framework of the proposed
method would allow replacing the correct field n@atabase with a patient group specific
database or even allow for using individual fieldps. This is also valid in case a new field
map data base is needed for a different scanneragpuliscussed above. A description of how
to create a new database is given in the methad®sef the manuscript Acquisition of a
large magnetic field map database”).

In this study field maps with a somewhat lower heBon of 3mm were used. This might be
suboptimal for optimizing small structures in a higesolution EPI protocol for a single
subject. However, this study aimed to optimize BRitocols for group studies primarily.
Therefore, we can assume that due to inter-subpatability very small structures will be
blurred out and do not matter in a group optim@atiThe optimization for a group and
scanning the group with a single fixed parametérssaplifies the experimental workflow
significantly and requires only small changes t@ndard EPI sequences, which facilitates
larger population and routine neuroimaging studies.

The optimization of BS is only based on the sintifassumption of constant thermal noise.
We neither performed an fMRI experiment nor acdqlieetime series for determining the

temporal SNR, which is central for precise meastoesensitivity. Thus, in the vicinity of
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contrast edges and air—tissue interfaces with gtsarsceptibility gradients or near large
blood vessels, the real BS may turn out to be Idhan expected from the simulations, since
head motion or respiration and cardiac movemenseguwominent physiological noise
contributions, especially at high field strengthcombination with large voxel sizes (Krueger
and Glover, 2001, Krueger et al., 2001, Triantafyllet al. 2005, Van de Moortele et al.,
2008, Hutton et al., 2011). It was however alsonsh@Triantafyllou et al. 2005) that for the
simulations performed here for 3T and 3x3x3tmesolution that thermal noise dominates
over physiological noise with a ratio of about 0% 0.70 for 2x2x3mfhsuggesting that
the simplified SNR model for the simulations idlsirelatively good approximation in this
regime (Balteau et al., 2010). The simplified noisadel also prohibits the direct comparison
of BS across different spatial resolution, sincéhitbermal SNR and temporal SNR change
in this case. However, these effects are not eedetct significantly impact comparisons of
different parameter sets (slice tilt, z-shim, PEj)h@ same TE and resolution. Related to this,
we note that we did not perform fMRI experiments/étidate the predicted BS gain in the
different ROIs, since multiple group experimentghwdifferent tasks would have been

required and going beyond the scope of this study.

Conclusion

The presented method allows for automated optimoizadf arbitrary 2D-EPI protocols based
on a population magnetic field map database avgidkpensive measurements that consume
time and resources. The basic protocol can easishanged allowing for optimization over a
larger parameter space compared to previous exeetainbased optimization methods. The

large dataset of field maps also promises to peoingproved optimization for group studies,
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since the typical distribution of field inhomogetnes in the population is well captured. The
results of the optimization by simulations are wod agreement with earlier experimental
optimization outcomes (Weiskopf et al., 2006) dmel éxpected BS increases are in line with

experimental BS measurements.
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Table 1: Optimal parameters for the three princqrantations: transverse (TRA), sagittal
(SAG) and coronal (COR). The basic EPI parameaterg: In-plane resolution of 3x3nina
matrix size of 64x64 and a slice thickness of 3r®.a measure of generalizability, the

standard deviation for the BS-gain across subjsedisted.

Region of Z-shim Tilt PE polarity BS-gain

interest [MT/m*sg] [deg] [%]

Acquisition Protocol | TRA [SAG |COR |TRA |[SAG |COR |TRA |SAG [COR |TRA |SAG |COR

mOFC+ -05 (0.0 |0.0 |45 |45 |25 Neg |Neg |[Neg |[37+17|28+11|38+16

rACC

Inferior temporal 0.0 |0.0 |0.0 |45 45 -40 |Neg |Neg |Pos |[124+6 [15+6 |4+4

lobes

Temporal poles 1.0 |0.0 |0.0 |45 45 -5 Neg |Neg |Pos [44+17|27+11|0+3

Amygdala 15 |00 (0.0 |45 |45 |5 Pos |Pos [Pos [44+23|22+11|0+4

Hippocampus+ 0.5 0.0 0.0 45 45 -15 Neg| Neg Pos 30+9 22+6 142

Parahippocampus
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Table 2: Optimal parameters for transverse oriemtator different resolutions and when
using parallel imaging. (I) in-plane resolution 83mnf, matrix size of 64x64 and slice
thickness of 3mm, (Il) in-plane resolution of 2x2fnmatrix size of 96x96 and slice
thickness of 2mm and (lll) parameters as in (I§ing parallel imaging with GRAPPA, factor

2. As a measure of generalizability, the stand@wadion for the BS-gain across subjects is

listed.
Region of Z-shim Tilt PE polarity BS-gain
interest [MT/m*sg] [deg] [%]

Acquisition Protocoal || [ i I [ i I [ 11 I [ i

mMOFC+ -05 (1.0 |-0.5 |-45 |-45 |-45 |Neg |Neg |Neg |37+17|42+20(37+18

rACC

Inferior temporal 00 |05 |05 |45 45 45 Neg |Neg |[Neg |12+6 |15+9 |1949

lobes

Temporal poles 1.0 |15 (1.0 |45 45 45 Neg |Neg |[Neg [44+17|55+21|51+19

Amygdala 15 |15 |15 |45 |45 |45 |Pos |Pos |Pos (44+23|50+25|47+21

Hippocampus+ 0.5 0.5 0.5 45 45 45 Neg| Neg Neg 309 4280312

Parahippocampus
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Table 3: Comparison of simulation based BS optitiorawith literature. (a) Results of the
simulation-based optimization in this study and gb¢vious optimization using data from
multiple EPI acquisitions (Weiskopf et al., 2008)s a measure of generalizability, the

standard deviation for the BS-gain across subjsedisted.

Region of Z-shim Tilt PE polarity BS-gain
interest [MT/m*sg] [deg] [%]

Study a) b) a) b) a) b) a) b)
mOFC+rACC -1 -1.4 -45 -45 Neg Neg 20+10 19
Inferior temporal lobes | 0 -0.4 30 30 Neg Neg 11+4 4
Temporal poles 1 0.6 45 30 Neg Neg 25+10 18
Amygdala 1 0.6 -45 -45 Pos Pos 23112 13
Hippocampus+Parahippa 0.6 45 -45 Neg Pos 18+6| 11
campus
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Fig 1: Definition of coordinate axis for phase ediog (PE), readout (RO) and slice direction
(SL) for the main slice orientations transversdt)leagittal (middle) and coronal (right) as
used in the experiments. For illustration of slareentations, slices are overimposed over a
sagittal view of the human head. The directionssfme angulations and in-plane rotation are

denoted with the red arrows respectively.
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Fig 3: Maps of the voxel-wise optimized paramettas 16 slices in case of oblique
transverse acquisitions with an in-plane resolutib8x3mnf, a matrix size of 64x64 and a
slice thickness of 3mm. Optimal shim gradient motr{a, optimal slice angulation (b) and
BS gain achieved with the optimal parameter setpaed to standard EPI with no shim
gradient and slice angulation (c). In each caseotttanized parameters are shown for a
positive PE gradient (top row) and for a negatittedgPadient (bottom row). A mask has been

applied to show only optimized parameters with aga of at least 20%.

a) Shim gradient moment

PE neg

PE pos

PE neg

PE pos

PE neg
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Fig 4. Maps of the voxel-wise optimized parametéos 16 slices in case of sagittal
acquisitions. Optimal shim gradient moment (a),iropt in-plane rotation (b) and BS gain
achieved with the optimal parameter set comparetiaiodard EPI with no shim gradient and
slice rotation (c). In each case the optimized p&tars are shown for a positive PE gradient

(top row) and for a negative PE gradient (bottom)ro

a) Shim gradient moment

PE pos

PE neg

PE pos

PE neg

PE pos

PE neg
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Fig 5: Maps of the voxel-wise optimized paramettos 16 slices in case of coronal
acquisitions. Optimal shim gradient moment (a),iropt slice angulation (b) and BS gain
achieved with the optimal parameter set comparedtiaiodard EPI with no shim gradient and
rotation (c). In each case the optimized parametershown for a positive PE gradient (top

row) and for a negative PE gradient (bottom row).

a) Shim gradient moment
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PE neg

PE pos

PE neg
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Fig 6: Optimization of the transverse standard Itggm protocol for different ROIs: OFC =
MOFC+rACC, ITL = Inferior temporal lobes, TL = Teomnal lobes, Amy = Amygdala, and
Hippo = Hippocampus+Parahippocampus. For the optittun based on group-average field
maps the BS gain depending on slice tilt and z-sdssuming either a negative PE direction
(a) or a positive phase encoding direction (b) sirewn. To convey how well the optimal
parameters derived from group-average fieldmapsihage to single subjects, the histograms
in (c) and (d) show for how many subjects a paldicualue of slice tilt and z-shim would
result in the maximal BS gain based on individiglbdf maps.

The number of subjects for the optimal slice tite adisplayed for each PE direction
separately. (e) shows how the optimization for B affects the BS in the other ROIs. As

additional ROIs the Whole Brain (WB) and Well Shiexirareas (WS) are shown.
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Fig 7: Optimization of the sagittal standard resiolu protocol for different ROIs: OFC =
MOFC+rACC, ITL = Inferior temporal lobes, TL = Teomnal lobes, Amy = Amygdala, and
Hippo = Hippocampus+Parahippocampus. For the agithon based on group-average field
maps the BS gain depending on slice tilt and z-sdssuming either a negative PE direction
(a) or a positive phase encoding direction (b) sirewn. To convey how well the optimal
parameters derived from group-average fieldmapsihage to single subjects, the histograms
in (c) and (d) show for how many subjects a paldicualue of slice tilt and z-shim would
result in the maximal BS gain based on individiglbdf maps.

The number of subjects for the optimal slice tite alisplayed for each PE direction
separately. (e) shows how the optimization for B affects the BS in the other ROIs. As

additional ROIs the Whole Brain (WB) and Well Shiexirareas (WS) are shown.
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Fig 8: Optimization of the coronal standard resolutprotocol for different ROIs: OFC =
MOFC+rACC, ITL = Inferior temporal lobes, TL = Teomnal lobes, Amy = Amygdala, and
Hippo = Hippocampus+Parahippocampus. For the optittun based on group-average field
maps the BS gain depending on slice tilt and z-sdssuming either a negative PE direction
(a) or a positive phase encoding direction (b) sirewn. To convey how well the optimal
parameters derived from group-average fieldmapsirtgle subjects, the histograms in (c)
and (d) show for how many subjects a particulaveaf slice tilt and z-shim would result in
the maximal BS gain based on individual field maps.

The number of subjects for the optimal slice tite adisplayed for each PE direction
separately. (e) shows how the optimization for B affects the BS in the other ROIs. As

additional ROIs the Whole Brain (WB) and Well Shiexirareas (WS) are shown.
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Fig 9: Histograms of the percent deviations betwsamlated and experimentally measured
BS gains pooled across the brain mask (for eadheoB36 protocols and six subjects). The
optimization results for the transverse protoc@ slnown for the negative and positive PE
direction in a) and b), respectively. The optiniiza results for the sagittal protocol with

negative and positive PE direction are shown iang) d). The protocol with negative PE and
no tilt and z-shim is not shown, since it was tbéirence protocol. The blue histogram

represents the experimental data, while the redecig a Gaussian fit with the respective
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estimated mean and standard deviation.
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